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The magnetism and spin dynamics[&fr,S(O,CCHz)g(H,0)4](NO5),-H,0O have been investigated by mag-
netic susceptibility and proton NMR measurements and by theoretical calculations. The proton-spin lattice
relaxation rate I7;, as a function of the temperatufeand external magnetic field, provides a very useful
probe of the dynamical behavior of the four'Cr(spinss= %) paramagnetic ions which are ferromagnetically
coupled via isotropic Heisenberg exchange interaction. From our derived formulas for the two-ion time cor-
relation functions, we find that T may be expressed as a function of the single scaling varjagl# (kgT),
where ug is the Bohr magneton ankk is Boltzmann’s constant, for the regime of our measurements. Our
experimental data are in good agreement with this prediction and our derived form of the scaling function.

The great progre$s* made in recent years in synthesizing change interaction between Cr ions as well as the value of
bulk samples of identical molecular-size magnetic com-he total spinS of the ground state. We find that ourTd/
plexes containing relatively small numbers of mutually inter-data are in good agreement with the predictions of our theory
acting paramagnetic ion&spins”) has provided the oppor- briefly described below which is based on a first-principles
tunity to systematically investigate magnetism at thequantum-mechanical calculation of the equilibrium two-spin
mesoscopic scale. It is noteworthy that the intercomplex intime correlation functions for the Heisenberg Hamiltonian of
teractions between spins are in many cases negligible ovdgd. (1). In addition to providing information on the low-
the temperature range of typical measurements compared tegquency portion of the dynamics of the interacting spins,
those within a given complex. This property greatly simpli- that can be accessed by measuring, liising NMR tech-
fies the analysis since the magnetic properties of a bulkiques, the time correlation functions are invaluable for giv-
sample are determined in such cases by intracomplex spifilg detailed predictions for eventual inelastic neutron-
spin interactions alone. However, the diversity in the practi-Scattering measurements. For the regime of temperatures
cal choices of spins and their placement within a complex i€1.5<T<30K) and external magnetic fields (&B
matched by the great diversity of their properties. In many<5.5T) of our measurements, we find thafl 1/may be
cases the Heisenberg model of isotropic exchange interactigdxpressed as a function of a single scaling variable
between the spins of a given complex provides a satisfactorysB/(kgT), a prediction in good agreement with our experi-
theoretical framework. mental data(Here ug is the Bohr magneton aridg; is Bolt-

In this paper we summarize the major results of our comzmann’s constant.The scaling property is an immediate
bined experimental and theoretical study of a magnetic clussonsequence of the fact that in this regimeTadnd B, only
ter compound, Cr,S(O,CCHy)g(H,0),4](NO53)5-H,0, to be the S=6 ground-state manifold of the Heisenberg Hamil-
abbreviated as GiINO,;, which may be pictured as four €t tonian is relevant. In fact, we find thatTl/is proportional to
ions (individual spinss=3) situated at the vertices of a Tx(T,B), where x(T,B)=dM(T,B)/dB is the field-
nearly regular tetrahedron that is embedded within the hogiependentifferential paramagnetic susceptibility per mole
complex. The primary motivation of this work is to elucidate of formula units(mol FU) described as independe8t=6
the spin dynamics of a cluster compound that is amenable tgpins.

a comprehensive theoretical as well as experimental study. We idealize the structure as four Cr ions which are situ-
The understanding derived from a study of a benchmark maated at the vertices of a regfiaetrahedron and which in-
terial such as this may further the understanding of otheteract with each other via isotropic Heisenberg exchange and
diverse magnetic complexes. It should be noted that thaith a uniform external magnetic fiel8 whose direction
present compound differs from one investigated previotisly,defines thez axis.” The model Hamiltonian reads

to be abbreviated as £BF,, which featured a Bfradical
rather than the N@ The crystal structure and dimensions of
the two compounds are essentially identical. H= _JmE:l n=§+1 Sm'SnJrnZl 9ueBshz, @

We have measured the magnetic susceptibility and the
proton spin-lattice relaxation rateTY/ of Cr,-NO3. Using  where the individual spin operators are measured in units of
our susceptibility data we determine the strength of the ex#, the exchange energyis positive for ferromagnetic inter-
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actions, andj is the spectroscopic splitting factor. The sim- 25 . . .
plifying feature of this Hamiltonian is that the energy eigen-

values may be written solely in terms of the total cluster spin __20f :
guantum numberS andMg as @ r\\

[=] %,

g 15} R b

E(S\Mg,B)=—(J/2)[S(S+1)—15]+gugBMs. (2) 2 M
L . £ }

However, because of the multiplicity of eigenstates for a S 10
given pair of values ofS and Mg, the normalized energy =
eigenvectors, to be denoted lyMKs), also depend on a 5r 1
guantum numbeK;=1,2,...Gg for a choice ofS with mul-
tiplicity Gg. For the present system the values®{ are 4, R T o

9,11, 10, 6, 3, 1 foS=0,1,...,6, respectively The partition T
function per FU is thus given by

FIG. 1. Temperature dependence ©f x,,{T)— xp] (open
squares measured aB=10"2T and the theoretical quantityy,
(solid curve per mol FU in Cyj-NO;. The theoretical curve was
calculated using Eq4), where the numerical valudsee text of
the parameterd/kg and® were chosen so as to provide the best fit
to the measured data shown.

6 S
Z(TB)=2 G > e FESMa8), )
§0 "Mg=-S
and from it one can immediately deriyg T,B), and other
standard thermodynamic quantities. As us@al 1/(kgT).

To compare with our susceptibility data, obtained Br
=10 2T, it suffices to consider the limiting, zero-field dif-
ferential paramagnetic susceptibilig(T,B—0), to be ab-
breviated byxo(T). The observed susceptibility,,{T) is
then well described by the expressiop,d T)=xo(T)

be resolved into three distinct peaks, involving small shifts
from the nominal proton resonance peak at the frequency
vp=wp/(27)=42.58<B (MHz), where B is measured in
tesla. For example, foF=5.5 K these peaks are shifted by
) , ) 0, 0.75, and—1.5%, respectively. The peak associated with
T XD Where_ihe calculatéd core diamagnetism isxp  the largesiand negativeNMR shift can be ascribed to the
=—4.078<10 “cm’/(mol FU.) However, in order to esti- protons in the HO molecules directly bound to the Cr cdte.
mate the role of intercluster InteraCtlonS, which have beeﬁ'hese protons are expected to be especia"y effective in
excluded from Eqs(1)—(3), we generalize the expression for monitoring the Cr spin dynamics. The value Bf was ob-
Xo(T) which follows from Eq.(3) to include a Weiss correc- tained by monitoring the nuclear magnetization recovery fol-
tion temperatureéd, so that lowing a short sequence of saturating rf pulses. We followed
the common practicé for molecular magnets of estimating
T, using the initial slope of the recovery curve. Fop
<50 MHz and temperatures in the range 5-30 K, small de-
viations(less than 10%from exponential recovery behavior
were observed. Fof <5 K or for vp>50MHz the devia-
where N, is Avogadro’s number,Es=E(S,Mg,0), and tions typically were 20% or more and those valuesTef
Z(T,0) is given by Eq(3) with B=0. have a larger experimental uncertainty. In Fig. 2 we display
Details of the sample preparation procedures we used wilbur results for If; versusT for assorted values dB. We

be described elsewhet@ur measurements qf,,{ T) were  estimate that the error bars are of order 20%. The following
made using a superconducting quantum interference devidBeoretical discussion leads to a comprehensive, simple de-
magnetometer in the temperature range 1.8—300 K ®ith scription of our data.
=10"2T. The open squares in Fig. 1 are the values of The proton spin-lattice relaxation rate can probe the spec-
TlxobdT)— xp] VersusT. The solid curve shown describes tral component of the two-spi€Cr-Cr) time correlation func-
Txo(T) as obtained by using the theoretical expression ofions at the proton Larmor angular frequeney. This is
Eq. (4), adopting the valueg=2, and choosingJ/kg predicated on the assumption that the dominant mechanism
=28.0K and®=—0.35K, which yield the best fit to our - ——— —
data forT[ xopd T) — xpl- These choices of parameters are s g é } Lisbaadg 4 ]

§ 1

8

_ Na(gps)? ° ~ BEs
Yo(T)= Ka(T—0)2(T0) SE:‘,O GsS(S+1)(2S+1)e #Bs,
(4)

very close to those obtained in Ref. 5 for,€BF,, namely ¢
J/kg=29.0K and®=—0.4K. The most noteworthy con- ¢!
clusions to the rather good fit for all temperatures are: The %
simple Hamiltonian of Eq(1) provides an adequate descrip-

3 kS

tion, and in particular there is no basis for invoking a mo-
lecular anisotropy ternDS,%, which is of importance in
cases of macroscopic quantum tunneffAdiecause of the
positive sign of] the ground state of a cluster has total spin
S=6; the small negative value @ is evidence of a very
weak residual antiferromagnetic intercluster exchange inter-
action.
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Proton NMR measurements were performed using a FIG. 2. Temperature dependence of the proton-spin-lattice re-
phase-coherent spin-echo spectrometer in the temperatulesation rateT; * for assorted values of the external magnetic field

range 1.5—30 K. At low temperatures the NMR spectra couldtesla.
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for proton relaxation effects is the dipolar interaction be- T p— ‘
tween the nuclear magnetic moments of the hydrogen atoms :
in the cluster with those of the four Cr ions. Specifically, »
1/T, is then give? by a linear combination of the Fourier 10¢
integrals | ]
w
g« 1L e 05 o
- o £ : 00 ]
Tl (0p.T.8)= | dtC, (LT B)cOs0pt),  (8) =i
0 01L 233 g
E v 55
F —— THEORY
where [
X Y S
i 0.1 1 10
Caa(th!B)E<5Sja(t)6ska(0)> (6) gpgB/(k,T)
is the equilibrium time correlation function for the FIG. 3. Proton-spin lattice relaxation rafg * as a function of

(=x,y,2) component of the spin operators for the pair of the scaling variablgwgB/(kgT), with g=2, for assorted values of

spinsj andk, <"'>=(l/Z)Tl‘[e_BH("')] denotes the canoni- the external magnetic fiel@tesla. The solid curve is our formula

cal ensemble average, and 8S,,(t)=exp(Ht/ (7) with an adjt_JstabIe proportionality constant chosen so as to pro-

1)S. exp(—iHt/A)—(S,). The coefficients of the linear com- Vide the best fit to the measured data.

bination of integrals, Eq.(5), are the (temperature-

independentcomponents of the magnetic dipole interaction cluster spin operator. It thus follows thafl/is proportional

tensort? to the field-dependent differential susceptibility of an iso-
The evaluation of the time correlation functions of Eg).  latedS=6 particle, i.e.,

is most conveniently performed by employing the complete

set of eigenvectors dfl, {|SMgKg)}, as a basis. However, 1T (T,B)xT(S,)/ 9B dBg(6x)/dX, (7

because of the equivalence of the four Cr spins as well as the o )

x andy directions, there are only four distinct quantities thatWhere Be denotes the Brillouin function fo6=6, and x

can arise: C14(t,T,B), Ct,T,B), Ct,T,B), and =9sB/(keT). Note in particular that T, rather than de-

Ci4(t,T,B). For the present system there is an additionaP€"ding separately on both and B, is a function of the

simplification that can be made. Supposie 0 for a mo- single t_:llmensmnless varlabk_aShown in Fig. 3 is the right-

ment, and referring back to Eq2), the excitation energy hand side of Eq(7) as a function ok (solid curve, with only

~ one adjustable proportionality constarts well as ourT;
:g;‘ tz(;gzeeneeTeiz df?r%?ngii};grzlg%itg)e ?s) tz S_tlheZnga data of Fig. 2. Indeed, when plotted in this manner the data
ex

- - o : _points are consistent with both a scaling description as well
clul 36|§r|1< I;r:rlStLeea(tj:r;%ter;gtLOriomgg.ggg {(tanvtvﬁir?ﬁ t:ga:hcgn as the specific functional form, E¢j), that we have derived

: . from our first-principles treatment of the time correlation
range pertinent to our experimental data fof,l/the en- . ; ; :
. ._functions. It is noteworthy that the relaxation process for this
semble averages can be very well approximated by restric

ing the trace operatidd to the 13 eigenstatelsMy,Kq material may be described so simply, solely in terms of the
=1). This conclusion remains valid even when we consider,

fluctuations of an isolate8=6 particle. Moreover, the good
S ; agreement between theory and experiment suggests that life-
tmh:a(esfzigﬁecj:]tghe magnetic fields:5.5 T) used in our NMR time effects and intercluster interactions, which have been
. ) . . excluded from the outset from our theoretical treatment
A detailed analysis of the relevant matrix elements show% d Eq(l ith ILin this cl
that the only terms contributing to the time correlation func- ased on Eq(1), are either very small in this ¢ us_ter com-
. . pound or are very weakly dependentbandB. The impact
tions of Eq. (6) have a time dependence of the form
. - of these effects on T has recentl{? been observed for the
exp(EiQt), where Q=0, we, O, Qyrow., and Cug system

we (GHZz)=176XB is the electron Larmor angular fre- L . )
quency for the given field. Hence the only nonzero contribu- In summary, in this paper we have provided a comprehen

! L sive description of the magnetic susceptibility and the low-
tions to the Fourier integral) are terms that are propor- . . 100
tional to Dirac delta functionsd(wp—{2) for the above frequency spin dy_nam|cs of the cluster_compounq- 3

) : P . based on the Heisenberg model Hamiltonian, Eq, for
choices of(). However, since all of these choices ©f,

except* that of 0 =0, extend far beyond the practical range localized spins. Our key result is that we _flnd good agree-
. . ment between our data forTly and our derived result that
of values ofwp, it is clear that the corresponding terms of

the time correlation functions play no role fofTl. By con- this quantity is given by the specific function of the single,

trast, for neutron scattering, all of the above value$)aire scaling variableuB/(kgT), listed in Eq.(7).
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